INTRODUCTION
Bipolar affective disorder follows an infradian rhythmic pattern, where manic and depressive episodes may alternate over weeks, months (as in rapid cycling bipolar disorder), or years. Multiple disturbances are characteristic of this disorder, and include seasonal mood changes and circadian dysregulation (Cassidy and Carroll, 2002; Jones, 2001; Shapira et al, 2004) . These findings led to the hypothesis that bipolar disorder is primarily a disturbance of rhythmic functions (Healy and Waterhouse, 1995; Leibenluft et al, 1996) . As the relationship between bipolar disorder and circadian abnormalities appears to be distinct from other psychiatric illnesses, the potential for rhythmic neuroendocrine disturbances as endophenotypic markers (Gottesman and Gould, 2003) of bipolar disorder are being explored.
Of these markers, the photic entrainment of the hormone melatonin is particularly promising. Melatonin plays a key role in regulating circadian rhythms and appears to be the gating mechanism that regulates the circadian system to correlate with external light conditions (the primary circadian zeitgeiber). Further, the synthesis of melatonin can be suppressed by exposing participants to bright nocturnal light (Lewy et al, 1980) , an effect which is independent of age (Nathan et al, 1999a) , season (Nathan et al, 1999c) , menstrual oestrus in females (Nathan et al, 1999d) , and differences in melatonin amplitude (Nathan et al, 1999a) . While some studies show a gender effect in suppression (Monteleone et al, 1995) , recent research in this laboratory showed sensitivity was consistent between males and females across various light intensities (Nathan et al, 1997) .
As affective illness is associated with circadian abnormalities and seasonal relapse (Shapira et al, 2004; Wehr, 1990; Wehr et al, 1979) , melatonin sensitivity to light has been investigated. In patients with bipolar disorder, light has a significant effect in suppressing melatonin secretion compared with control subjects (Lewy et al, 1985 (Lewy et al, , 1981 Nathan et al, 1999b; Nurnberger et al, 2000) . This increased sensitivity is not observed in unipolar depression (Cummings et al, 1989) or seasonal affective disorder (Nathan et al, 1999b) and is not state dependent, occurring over manic, depressed, and euthymic phases of the illness (Lewy et al, 1985) . Melatonin sensitivity appears to be strongly heritable with the offspring of affected parents having greater sensitivity than offspring of healthy controls (Nurnberger et al, 1988) .
Together these findings fulfil many of the desired criteria of an endophenotype of BPAD: association with illness, heritable, and state independent (Gottesman and Gould, 2003) . Several questions remain concerning sensitivity, specificity, and the effects of medication on responses observed in patients before melatonin light sensitivity can be accepted as an endophenotype. Indeed, some suggestion of the effect of medication on nocturnal melatonin light sensitivity was evident in at least one report (Nurnberger et al, 2000) . Among bipolar I patients, the greatest melatonin sensitivity was observed in those free of medication for at least 5 weeks, while those taking lithium alone had melatonin suppression similar to that of controls. Recent research in our laboratory (Hallam et al, 2004) demonstrated that lithium reduces melatonin suppression by light in healthy controls. The effect of other mood stabilizing agents used in the treatment of BPAD remains unknown. Monteleone et al (1997) demonstrated that single doses of valproate acutely suppressed melatonin secretion in healthy volunteers. No studies have investigated the effect of this or other mood stabilizing agents on sensitivity to light or other parameters of the melatonin rhythm.
In this report, we assessed the effect of valproate administration on melatonin sensitivity to light, dim light melatonin onset (DLMO), and the nocturnal secretion of melatonin in healthy volunteers. It was hypothesized that valproate would significantly reduce the sensitivity of melatonin to light and advance melatonin phase in healthy controls. Furthermore, we hypothesized that subchronic valproate treatment may decrease nocturnal melatonin secretion.
METHODS

Participants
In total, 12 healthy adult volunteers (7F, 5M) with a mean age of 22.9 (SD75.6) years provided written informed consent to participate in this study. All participants were free of a personal or family history of psychiatric illness as determined by clinical interview with a psychiatrist (JO) and questionnaires (General health questionnaire (Goldberg and Hillier, 1979) , PRIME-MD (Spitzer et al, 1994) ). Physical examinations and hematology workup indicated that all participants were in good physical health. Five of seven female participants were using oral contraceptive medications. All participants self-report sleep parameters were normal with sleep onset between 2200 and 2400, average sleep latency 30 min, and normal sleep duration (871.5 h). In total, 10 participants consumed caffeine daily (1.471.2 standard drinks) and were low to moderate alcohol consumers (4.575 standard drinks per week). Four participants were cigarette smokers (1378 per day). The Human Research Ethics Committee of Austin Health Network approved the study.
Procedure
Participants attended the Melatonin Laboratory in the Department of Psychiatry at the Austin Hospital on two testing nights separated by a 7-day recovery period. At the commencement of each testing night, a canula was placed into the forearm vein of each participant and kept patent through the night with 0.9% sodium chloride solution. Blood samples were collected at regular intervals between 2000 and 0230. Participants remained seated in recliner chairs and were provided with a standardized meal at 2000. At 2100 hours the background lights were extinguished and the environmental light intensity maintained at less than 8 lux (monitored using a Topcon 3D digital photometer) as measured at each participant's eye level.
On each testing night, a light box was placed in front of the participants to create a full spectrum white light at an intensity of 200 lux at eye level between 2400 and 0100. McIntyre et al (1989) have demonstrated that both this time period and light intensity are appropriate for evaluating melatonin suppression rates in control subjects. The light box was custom made (size 128 Â 51 Â 18 cm 3 ) and utilized a series of eight 97 W 'True Light' fluorescent tubes behind a diffuser screen. Participants were positioned directly facing the light box, which was facilitated by positioning a television directly above. Photophobic behavior such as reading or closing the eyes was not permitted and participants were instructed to 'look directly at the light every few minutes for at least 30 s. The experimenter returned at 5-min intervals during this period to check compliance. Light levels were measured at the corneal level at a horizontal angle of gaze for each individual and recorded to be at the appropriate intensity (712 lux) at four times throughout the hour. At 0100 the room was returned to virtual darkness (o8 lux of light). Samples of 10 ml of blood were collected from each participant at 2000, 2100, 2130, 2200, 2230, 2300, 2315, 2330, 2345, 2400, 0015, 0030, 0045, 0100, 0130 , 0200, and 0230 h, placed in lithium heparin tubes and the plasma separated by centrifuge and stored at À201C for analysis.
Melatonin analysis was performed by the Department of Obstetrics and Gynaecology at the University of Adelaide. The melatonin assay utilized reagents from Buhlmann Laboratories (Switzerland) as previously described (Voultsious et al, 1997). Briefly, 250-500 ml of plasma was added to the prewashed C18 columns and sequentially washed with 10% methanol, hexane, and the melatonin finally eluted with pure methanol. After solvent evaporation, the residue was re-constituted in 1 ml of buffer (phosphate-buffered saline, 0.1 M, pH 7.4, containing 0.5% bovine serum albumin) and two 400 ml aliquots subjected to radioimmunoassay. The assay range was between 4.3 and 430 pM with intra-and interassay coefficients of variation o10 and o14%, respectively, across the range of the standard curve. The antibody for the assay is highly specific and demonstrates o1% crossreactivity with other compounds in the melatonin synthetic pathway. An area under the plasma melatonin profile was calculated using the trapezoidal method (Gibaldi and Perrier, 1975) and Fig Pt  (Biosoft) processing software. This calculation is used to provide an integrated measure of plasma melatonin concentrations between 2000 and 2400 (before lights). Melatonin suppression between 2400 and 0100 was determined using the following formula:
At 2 days after the first testing night, each subject was instructed to take a 5-day course of sodium valproate (200 mg b.d. with food starting with an evening dose). On the fifth day, subjects took their final morning dose of valproate and returned empty containers on the second testing night. On the second testing night, a valproate level was taken 12 h after the final dose from each participant (in lithium heparin tubes). Valproate levels were measured using the AxSYM valproic acid assay (a Fluorescence Polarization Immunoassay, FPIA) that utilizes sheep polyclonal antiserum. The assay has a detection range of 4.85-1039.50 mmol/l, sensitivity of 0.70 mg/ml, CV (precision) o5%, and crossreactivity of o10%. Side effects from valproate were mild and infrequent, with four participants reporting mild sedation during the week and one participant reporting increased gastric reflux.
RESULTS
Plasma Valproate Level
Plasma valproate measures indicate that all participants had circulating valproate on the second testing night indicating drug compliance. The average valproate level was 204 mmol/ l (763 mmol/l), which is less than the recommended therapeutic range (350-700 mmol/l).
Melatonin Suppression by White Light
Melatonin suppression between 2400 and 0100 was determined for each participant on each testing night (see Table 1 ). Changes in individual melatonin suppression for the two testing nights were compared using a paired samples t-test. The results indicated that there was a significant difference in melatonin suppression by dim white light between the control and valproate conditions, t 
Dim Light Melatonin Onset
DLMO was calculated based on the work of Lewy et al (1999) . Lewy recommends using a DLMO value between 4 and 6 (pg/ml). This study therefore utilized a DLMO (4 pg/ ml or 17.2 pmol/l) as a sensitive yet reliable marker to the onset of melatonin. In this study, DLMO was calculated as the first time period where melatonin levels increased above and remained above this threshold. The DLMO results are presented in Table 1 . There was a nonsignificant trend for DLMO to delay across testing night, t (1, 11) ¼ À1.326, p ¼ 0.212.
Average Melatonin Secretion
Area under the curve estimates were determined between the hours of 2100 and 2400 (ie a nine point estimate based on the acrophase). A paired samples t-test was performed on melatonin AUC across testing night and the results revealed that the mean melatonin AUC value was decreased, but this change was not statistically significant, t (1, 11) ¼ 0.629, p ¼ 0.542. 
DISCUSSION
This study demonstrates that subchronic administration of valproate significantly reduced the sensitivity of nocturnal melatonin secretion to light in healthy volunteers. In this respect, valproate and lithium share a common biological effect as we have previously reported similar effects in volunteers taking lithium (Hallam et al, 2004) . Both sets of data are in accord with a trend noted in bipolar patients by Nurnberger et al (2000) . They showed that in drug-free bipolar patients, the effect of light on nocturnal melatonin secretion was greater than that in patients treated with lithium. It is not clear why this effect occurs. It may be that both drugs phase delay the melatonin rhythm and lower sensitivity to light as a consequence. Several factors do not accord with this explanation. First in this study, there was on average only a 20-min delay in DLMO by valproate. On the other hand, lithium has been shown to significantly delay the melatonin rhythm in the chick pineal, but only at concentrations in the toxic range in humans (2 nmol/l) (Pablos et al, 1994) . Even if such phase delays do occur, they cannot be the explanation for the decreased melatonin sensitivity to light. We have previously shown that melatonin is equally sensitive to the effects of light across the nightFon the rising part of the melatonin time curve, at the peak or during the falling part of the curve in the early morning (McIntyre et al, 1989) . Thus, phase shifts are unlikely to alter melatonin sensitivity to light. A second possibility is that an overall reduction in the amount of melatonin secreted may desensitize the system. Although valproate administration was associated with a reduced secretion of nocturnal melatonin, the reduction was not statistically significant in this study. Furthermore, we have previously shown that the sensitivity of melatonin to light is independent of melatonin concentration immediately prior to the onset of light (Nathan et al, 1999a) . Finally, while this study indicates valproates primary effects are on melatonin sensitivity to light, the drug may also affect other parameters of the melatonin rhythm not tested in this study. Lewy et al (1985) suggest that increased light sensitivity may lead to the circadian phase advances observed in bipolar disorder. Studies in rapid cycling bipolar disorder indicate that the timing of the melatonin peak is vital with morning, but not noon light tending to induce hypomania in some patients (Kripke, 1991; Leibenluft et al, 1995) . Two groups have recently demonstrated that lengthened sleep periods and enforced darkness ameliorate the symptoms of rapid cycling bipolar disorder (Wehr et al, 1998; WirzJustice et al, 1999) . We propose that lithium and valproate may share a common mechanism of action in decreasing melatonin sensitivity to light, leading long-term to the normalization of the circadian phase advance that has been observed in patients with bipolar disorder. This contention is supported by the findings that under normal circumstances, dawn light is sufficient to entrain the circadian rhythm (Danilenko et al, 2000) , but lithium is associated with a delay in the fall of plasma melatonin normally observed at dawn (Nair et al, 1984) . Clearly, further empirical research is required in drug-free bipolar patients to determine the chronobiological impact of these drugs in the patient population as opposed to control subjects. The finding that chronic valproate treatment did not alter overall melatonin levels is in contrast to acute results where valproate decreased melatonin concentrations (Monteleone et al, 1997) . It was proposed that valproate affects melatonin synthesis by its ability to enhance GABA signalling. It is of note that other GABA agonists, such as benzodiazepines, also acutely suppress nocturnal melatonin synthesis (McIntyre et al, 1988) .
The contrast between acute effects of valproate noted by Monteleone et al, and the subchronic effects noted in the present study might be explained by methodological factors (small sample size or high interindividual variability) or receptor adaptation. In relation to receptor adaptation, other drugs have different acute and chronic effects on melatonin secretion. For example, desipramine acutely increases melatonin synthesis (Franey et al, 1986; Kennedy and Brown, 1992; Skene et al, 1994) but after chronic treatment, melatonin is no longer elevated (Kennedy and Brown, 1992) , an activity possibly associated with pinealocyte noradrenergic receptor downregulation. Pharmacokinetic effects of the drug do not account for the changes in melatonin concentration with recent evidence indicating melatonin is primarily metabolized by the cytochrome P4501A2 enzymes (Härtter et al, 2000 (Härtter et al, , 2003 , while valproate has no discernable effect on the activity of this enzyme (Wen et al, 2001) . The results of this study suggest that decreases in melatonin after acute but not chronic valproate treatment may be associated with acute GABAergic activity of the compound on the pinealocyte, which adapts after subchronic treatment.
In healthy volunteers, both lithium (Hallam et al, 2004 ) and valproate decrease melatonin sensitivity to light. While the aim of this research was to further clarify the usefulness of melatonin sensitivity analysis for the diagnosis of bipolar disorder, it is important to note that this study investigated the effect of valproate treatment on volunteers and that melatonin sensitivity changes associated with valproate treatment may differ in patients and controls. We propose that these results, when analyzed with those from Nurnberger et al (2000) that medication-free patients appeared to have the highest sensitivity, may reflect important effects of medications, namely the normalization of melatonin supersensitivity to light. The mechanism of this effect is not clear; however, in the context of recent proposals that mood stabilizing drugs share common biological effects, such as depletion of inositol and GSK-3 (Harwood and Agam, 2003; Jope, 2003; Williams et al, 2002) , an intracellular mediated effect could be hypothesized. Further research is necessary to evaluate such a proposal but, given the complexity of neurotransmitter pathways mediating bright light induced alterations of nocturnal melatonin synthesis; these results have at least heuristic value. These data provide further support for melatonin sensitivity to light as an endophenotypic marker for the diagnosis of bipolar disorder.
